The corrosion behavior of Fe-5, -13 and -25%Cr alloys in hydrogen chloride gas containing 0-75 vol% oxygen at temperatures between 573 and 923 K was investigated by means of a thermogravimetric technique and by measuring the mass loss and X-ray analysis of the scales. In hydrogen chloride gas, the corrosion rate was determined by the formation and sublimation of divalent chlorides of iron and chromium. Addition of chromium to iron effectively decreases the corrosion rate at temperatures lower than 673K. The scale formation rate increased with increasing chromium content of the alloys at 673K or higher temperatures, and only FeCl2 selectively sublimed up to 873 K. Addition of oxygen to hydrogen chloride gas effectively suppressed corrosion of Fe-Cr alloys containing 13% or more chromium at relatively low temperatures due to formation of a protective corundum-type oxide scale. The temperature range for the protective scale formation was raised with increasing alloy chromium content and oxygen content of the gas mixture. Further rise in temperature accelerated corrosion due to sublimation of FeCl3 and CrCl3 as a result of oxychlorination.
been used as the structural material in this process. In addition, ethylene dichloride thus produced is converted into vinyl chloride monomer by thermal cracking up to 850 K with libration of hydrogen chloride which is re-used for the oxychlorination process. Type 347 stainless steel has been used as the structural material in the thermal cracking process. In order to clarify the corrosion behavior of the austenitic stainless steels in these environments, we(1)- (5) have investigated the corrosion behavior of a series of metals and alloys in hydrogen chloride gas and gas mixtures of hydrogen chloride and oxygen at high temperatures. The corrosion rate of iron in hydrogen chloride gas was determined by the formation and sublimation of ferrous chloride, and the addition of oxygen to hydrogen chloride gas greatly accelerated corrosion of iron due to the formation and sublimation of a low melting point volatile ferric chloride by oxychlorination reactions (1) . The addition of nickel to iron suppressed corrosion in hydrogen chloride gas due to a decrease in the formation rate of the scale consisting of (Fe, Ni)Cl2, but was not effective in suppressing catastrophic corrosion in the gas mixtures of hydrogen chloride and oxygen (4 Table 1 . After being annealed at 1173 K for 18 ks (5 h), the specimens were polished with #400 emery paper and then degreased with methyl alcohol and ethyl ether. The specimen mass was periodically measured by a quartz microbalance during corrosion tests at 573-923 K in stagnant gases of 105 Pa. The thermogravimetric measurements were carried out for the specimens of 0.5 mm thickness in the reaction gases of 105 Pa containing 0, 20 or 75 vol% oxygen by using the same apparatus and procedures as those described elsewhere (2) . After the corrosion test, the specimen mass was directly measured before and after pickling in a 1 kmol/m3 HC1 solution containing an inhibitor (0.3% Rodine No. 50, Nippon Paint Co.), in order to estimate the scale mass and corrosion loss. (2) . After the corrosion test, the scale mass was estimated by mass measurements before and after acid pickling, and is shown in Table 2 . of 105 Pa. The average corrosion rates were estimated from the total metallic losses after corrosion products were removed from the specimens corroded in the reaction gas for times shown in Table 2 . Table 2 Masses of scales on iron and Fe-Cr alloys corroded in hydrogen chloride gas of 105 Pa.
The average corrosion rate was estimated from the total corrosion loss and is shown in Fig. 2 as a function of temperature. The scale substances were identified by X-ray diffraction by using the specimens corroded in the horizontal reaction apparatus under the same conditions as the thermogravimetric measurements. Except that on the Fe-25%Cr alloy at 873 K, the scale consists of a single FeCl2 phase which may contain Cr2+ ions in proportion to the chromium content of the alloy. On the Fe-25%Cr alloy at 873 K, an orthorhombic CrCl2 phase is found as well as the FeCl2 phase. According to chemical analysis of sublimates, the metallic species in the sublimates were only iron ions, and hence the yellow-colored sublimates were assumed to be FeCl2 (1)(4) As shown in Fig. 1 , nearly parabolic mass increases are observed up to 673 K. The corrosion rate of iron (1)(4) in this temperature range is mostly determined by the parabolic scale growth because of no appreciable sublimation of corrosion product. Both the rates of mass gain and corrosion tend to decrease with increasing alloy chromium content at 573 and 623 K but to increase at 673 K. At 773 K an initial mass gain is followed by a mass decrease as a result of sublimation of corrosion product, FeCl2. Increasing alloy chromium content enhances the initial mass gain and decreases the rate of subsequent mass loss. In other words, the chromium addition increases the scale formation rate but decreases the scale evaporation rate. Iron shows an initial mass gain and a subsequent, almost linear mass decrease. On the other hand, preferential sublimation of FeCl2 from chromium-bearing alloys leads to slowing down of mass loss rate with time. For instance, the mass loss rate of the Fe-5%Cr alloy at 773 K is initially faster than that of iron but gradually slows down. Since the corrosion rates of iron and the Fe-5%Cr alloy at 773 K shown in Fig. 2 are averaged for 86.4 ks (24h) of corrosion tests, the corrosion rate of the Fe-5%Cr alloy is apparently faster than that of iron but should be slower than that of iron after prolonged corrosion. When the temperature is raised to 873 K, the mass of specimen, except that of the Fe-25%Cr alloy, linearly decreases, as soon as hydrogen chloride gas is introduced into the reaction tube, and the corrosion rate significantly increases owing to acceleration of scale sublimation. The addition of 13% chromium effectively suppressed corrosion at 873 K. The Fe-25%Cr alloy shows initial mass gain and subsequent mass loss which becomes gradually slower, and the scale analyzed after the corrosion test was the phase mixture of FeCl2 and CrCl2. Figure 3 shows the mass changes of ironchromium alloys measured in the gas mixtures of hydrogen chloride and oxygen. The mass of the Fe-5%Cr alloy in the gas mixture of 80%HCl and 20%O2 slightly increases at 623 K, while at 673 K or higher temperatures a decrease in the specimen mass is observed accompanying evaporation of brown-colored FeCl3 and water from the specimen. In the gas mixture containing 75% oxygen, a mass decrease is observed even at 573 K. At still higher temperatures, the rate of linear mass loss increases with temperature.
The mass change of the Fe-13%Cr alloy is not appreciable at temperatures lower than 673 K in the gas mixture with 20% oxygen, and than 723K in the gas mixture with 75% oxygen. A slight mass gain is observed by 50 K increase from those temperatures. At still higher temperatures a significant mass loss is observed after an initial mass gain. The mass change of the Fe25%Cr alloy in the gas mixture with 20% the corrosion rate of pre-chlorinated specimens is significantly higher, particularly at relatively low temperatures and in the gas mixture of higher oxygen content (75%) due to oxychlorination of previously formed divalent chlorides (1) . The corrosion rate in the gas mixture with 75% oxygen at 623-723 K is significantly higher than those shown in Fig. 4 , but is not increased by temperature increase because of limitation of the amount of previously formed divalent chlorides. The corrosion rate is decreased by temperature rise from 773 to 823 K in the gas mixture of 75% oxygen, due possibly to conversion of previously formed chloride into oxide scale(1). The average corrosion rate of pre-oxidized specimen in the gas mixtures is shown in Fig. 6 , where the ordinate expresses the average rate of total metallic losses during exposure in oxygen and gas mixtures, since the metallic loss during pre-oxidation is significantly lower than that in the gas mixtures and is not separated from the total metallic losses. Pre-oxidation accelerates corrosion in the gas mixture of high Table 3 Scale substances identified by X-ray diffraction after corrosion in gas mixtures of hydrogen chloride and oxygen. Table 4 Mass fraction of chromium in sublimates and scales formed on Fe-Cr alloys in the gas mixtures of hydrogen chloride and oxygen of 105 Pa.
* Estimated from chemical analysis of sublimates . ** Estimated from the composition and mass of sublimate , and the total metallic loss of specimen under the assumption that the chromium concentration in the total metallic loss is the same as the alloy chromium concentration. (1) on iron and CrCl2(3) on chromium.
CrCl2 is thermally more stable than FeCl2; their melting points are 988 K(6) and 950 K(6), and their vapor pressures of 0.1 Pa (10-6 atm) are at 873 K(6) and 723 K(6). The rate of FeCl2 sublimation (4) increases at 723 K or higher temperatures, but CrCl2(3) hardly sublimes up to 873 K. Therefore, only FeCl2 selectively sublimes from corrosion products on Fe-Cr alloys up to 873 K. On the other hand, the scale substance detected was a single FeCl2 phase except the scale formed on the Fe-25%Cr alloy at 873 K, and Cr2+ ions seem to replace Fe2+ ions in the FeC12 crystal. Since sublimation of scale was not observed up to 673 K, the The average corrosion rate was estimated after subtraction of the corrosion loss during prechlorination from the total metallic loss of the specimen obtained after corrosion products were removed from the specimens. The average corrosion rates in hydrogen chloride gas for 3.6 ks are also shown for comparison. Fig. 6 Effect of pre-oxidation in oxygen of 105 Pa for 3.6 ks on the corrosion rates of Fe-Cr alloys i n 105 Pa gas mixtures of hydrogen chloride with 20%. and 75% oxygen for 68.4ks. The average corrosion rate was estimated from the total metallic loss during preoxidation and corrosion. 2) The addition of oxygen to hydrogen chloride gas effectively suppresses the corrosion of Fe-Cr alloys containing 13% or more chromium at temperatures lower than 700 K due to formation of a protective thin oxide film consisting of a high concentration of chromium. When the alloy chromium content or the oxygen content of the gas mixtures is high, the temperature range for protective scale formation extends to higher temperatures. When the temperature exceeds the range for protective scale formation, the Fe-Cr alloys are rapidly corroded due to the evaporation of FeCl3, CrCl3 and water by oxychlorination, forming the unprotective thick {Fe(Cr)}2O3 scale.
